Isocytosine and isocytosine-d3 crystals have been investigated at 300 K, 90 K, and 10 K by infrared spectroscopy; the Baman spectra of crystals and solutions in H20 , D20 have also been studied. Using these data and the frequency group approximation we propose assignments of the fundamental molecular frequencies. Eleven lattice vibration frequencies have been observed in absorption and nine in diffusion.
Introduction
In order to clarify some of the problem s en countered in the study of guanosine 2 -4 , we have undertaken a vibrational study of this compound. Using an approach previously employed by Lautie and Novak 5 in the study of purine, we have begun this work by the study of isocytosine (F ig . 1) which represents the pyrim idine part of the base.
Several w o rkers6 -9 have proposed group fre quency assignments, particularly in the 1 8 0 0 -1 5 0 0 cm -1 range fo r cytosine; after term ination of this work a normal coordinate analysis of the in plane modes of cytosine and cytosine-d3 appeared 10 .
The present com m unication describes the in fra red and Ram an spectra of isocytosine and isocytosine-d3 . To interpret these spectra we have used alkyl derivatives, variations of temperature and solvents and polarized R am an spectra; finally, for the in plane ring we have made a com parison with the assignment published by Foglizzo and Novak l x ' 12 on pyrim idine. 
M aterial and Methods
isoCyt was obtained from Cyclo Chemicals (Los A n g eles). Recrystallization from water did not change its spectra. To study it by R am an diffusion it was necessary to purify it by sublim ation. mM so-C y t12 and m3-isoCyt were synthesized by using the method described by A ngier and Curran 13 and pu ri fied by paper chromatography. N2-octyl-isoCyt was prepared by a simple reaction between N-methylthio-pyrim idinone and octylamine, followed by washing in different solvents. isoCyt-d3 was pre pared by recrystallization of com m ercial isoCyt from DoO fo r IR spectra and of sublimed isoCyt from D 20 fo r Ram an spectra. Deuteration on NH and NH2 groups was checked by NMR on a Perkin E l mer 1 2 , 6 0 MHz spectrometer.
IR spectra were recorded on P erkin Elm er 2 2 1 , 2 2 5 and 1 8 0 spectrophotometers. Solid state spec tra were obtained in nu jol and voltaleff mulls and in KC1 pellets containing 0 .2 5 or 0 .5 % of isoCyt T o take the spectra at 10 K we have used an A ir Liquide cryostat. R am an spectra were obtained with a Coderg PHO apparatus equipped with an 8 0 m W HeNe laser and a 1 0 0 mW argon laser using the 4 8 8 0 Ä line.
Results and Discussion

Structural considerations
M o l e c u l e C ry stallog rap h ic11 and solution w o rk 15 had shown that there are two tautomers NXH and N3H-Abbreviations: Cyt, cytosine; isoCyt, isocytosine (Fig. 1) or 2-amino-6-oxy-pyrimidine; mMsoCyt; Ni-methyl-isocytosine; m3-isoCyt, N3-methyl-isocytosine; etc, isoCyt-d3 , isocytosine, where the three amino protons were deuterated, d1 (d2) 2isoCyto.
isoC yt; in m onocrystals cocrystallization in the ratio
is fo u n d 14. Therefore, theoretically, one can expect twice as many vibrations as fo r one mole cu le; but, as shown by our spectra, a great number of the vibrations are not separated. F o r a molecule with Cs symmetry one expects 3 3 fundamental vi brations, 2 3 A ' in-plane vibrations and lO^ out-of plane vibrations. The group frequency approxim a tion provides for more or less pure 9 skeletal A ' ring modes and 3 skeletal A " ring modes. 
C r y s t a l
F o r our counting of vibrations we shall not take into account the tautom eric forms. The crystal be longs to the m onoclinic system, space groups P2j/in with four molecules in the unit cell. The are six hydrogen bonds of different lengths in the crystal. Every one of the 3 3 vibrations of the molecule will have four components, thus 132 internal vibrations will exist (T ab le I ) . Among them two are infrared active and two R am an active. In addition one ex pects 21 lattice vibrations which can be divided in 9 translational vibrations and 1 2 rotational vibra tions. In this region one expects two stretching modes, vs NHo and r a NH2 , which will overlap in the solid s ta te 17; two NH stretching modes fo r the tautomeric form s N1H and N3H ; and two CH stretching modes, one fo r in-phase rCH and one fo r out-of-phase rCH . It is not possible to assign precisely the J'CH vibrations in non-deuterated compounds because they overlap those due to the stretching modes of NH and N H 2 . In IR absorption spectra two very weak bands appear at 3 1 0 0 , 3 0 8 5 cm -1 for isoCytd3 ; in the R am an diffusion spectrum they appear at 3 1 1 0 and 3 0 7 9 cm -1 (F ig s 2 , 3 ) (T ab le I I ) .
Fundam ental molecular vibrations
T o differentiate the NH and NH2 stretching modes we have com pared two analogues without the NH group, m M soCyt and 2 -amino-pyrimidine (F ig . 4 , b + c ) , and one with a substituent on the NH2 group, N2-octyl-isoCyt (F ig . 4 d ) , with isoCytosine (F ig . 4 a) ; for the two first compounds the absorption below 3 0 0 0 cm -1 is strongly de creased (F ig . 4 b + c) : W e conclude that in isoCyt (F ig . 4 a) the two largest bands in this region, at 2 8 2 7 and 2 6 9 0 cm -1 can be assigned to vN3H and rN 1! ! stretching vibrations. In the octyl compound no bands above 3 0 0 0 cm -1 are present except one at 3 2 8 0 cm -1 , which we assign to the N2H stretch; because of its fre quency location this NH group near the octyl group is probably not strongly associated : T h erefore one can assign the part between 3 3 6 0 and 3 1 0 0 cm -1 to the stretch of the amino group. To explain the submaxima, we can make two hypothesis: a. They may be due to the different hydrogen bonds in crystals: Crystallographic studies 14 have shown that there are four different hydrogen bonds involving the amino group, one of the NH . . . N type of length 2 .9 8 Ä and three of the NH . . . 0 type with lengths of 2 .8 6 1 , 2 .9 0 4 , 2 .8 1 5 Ä. B y using the Pimentel relations 18 one can correlate the frequency shift of the hydrogen bonded vNH2 vibrations with the bond lengths: W e have calculated the shifts for the four different bonded N2H ; Av ranges from 1 7 0 to 4 2 0 cm -1 , in agreement with this hypothesis.
ß . But they could also correspond to a multiple Ferm i resonance between NH2 stretch and over tones of vibrations around 1 6 0 0 cm -1 for isoCyt and around 1 2 0 0 cm -1 fo r isoCyt-d3 .
Progressive deuteration does not allow a decision to be made between these two hypotheses.
b. The in-plane bending deform a tion of the NH2 group is expected in the 1 6 0 0 -1 7 0 0 cm -1 range. Progressive deuteration causes the strong band at 1 6 8 9 cm -1 and the smaller one, only visible at liquid nitrogen temperature, to g ra dually disappear (F ig s 5 , 6 a ) . At 1 2 5 0 cm " 1 (F ig .
6 b) a new band appears which we assign to the <5ND2 vibration. The N1 met compound also shows a band at 1 6 9 0 cm -1 which is sensitive to deutera tion. M oreover the N2-octyl compound shows only one band in this region, at 1 6 6 0 cm -1 , assignable to vC = O stretch. But fo r isoCyt the C = 0 stretch ing vibration, also expected in this range, appears at 1 6 4 5 cm -1 in the IR spectra.
The order of the frequencies of $NH2 and )'C = O vibrations depends on the presence of hydrogen bonds in the solid or in solution: In a proton accep tor like dim ethylsulfoxide we found the $N H 2 at 1 6 4 0 cm -1 and the >'C = O at 1 6 6 0 cm -1 (F ig . 7 ) . F o r isoCyt-d3 in the same solvent one can see a band at 1 6 7 0 cm -1 with a shoulder at 1 6 5 5 cm -1 : this latter visible only fo r the deuterated compound, is difficult to explain. W e do not see a change of intensity if we vary the concentration; it may be due to the two tautom eric form s having two different carbonyl functions. In a proton donating solvent like hexafluoropropanol the order is inverted, 1 6 4 0 cm -1 fo r rC = 0 , and 1 6 6 5 cm -1 for (3NH2 ,the amino group being however, less free than in D M SO .
In R am an spectra we cannot distinguish between rC = O and inplane ring stretching modes which overlap; but fo r isoCyt-d3 they appear respectively at 1 6 3 7 and 1 6 2 2 cm " 1. vC = O and rring vibra tion are not strongly coupled as is shown by their different behaviour in different solvents. Coupling between dNH2 and one of the two ring vibrations at 1 6 1 0 and 1 5 8 0 cm " 1 could also be proposed in this region : But deuteration has the same effect on these two highest ring vibrations fo r isoCyt and for u r a c il19 where there is no NH2 group.
ÖNH, 6 C H :
These bending deform ations are ex pected in the 1 5 5 0 , 1 2 0 0 c m " 1 ra n g e 20. It seems difficult to make group frequency assignments in a region where there are also many ring vibrations. In the IR spectrum the d3 compound shows two new bands, one at 1 1 2 0 cm " 1 and the other at 9 4 2 cm " 1; in non-deuterated compound two bands are com plex: One at 1 5 2 0 c m " 1 with a shoulder at 1 5 0 5 cm " 1 and the other at 1 4 7 5 cm -1 with a shoulder at 1 4 6 4 cm " 1; after deuteration these shoulders disappear and the bands at 1 5 2 0 and 1 4 7 5 cm " 1 becom e more sym m etric; in Ram an d if fusion the 1 5 2 8 and 1 4 5 2 cm " 1 band, visible in the isoCyt spectrum, are not visible in the spectrum of isoCyt-d3 ; if one refers to uracil studies one can as sign the first one to (3N1! ! and the second one to (5N3H. F o r the in-plane bending of the CH groups which should not show a frequency shift upon deu teration one can only refer to the literature 10, 20 to assign the 1 4 1 0 cm " 1 band to <5CH in-phase and 1 2 0 5 cm " 1 to <5CH out-of-phase movements, the latter being coupled with an in plane vibration of the ring.
vC -JS:
In arom atic compounds 21 this vibration appears between 1 4 0 0 -1 2 4 0 cm " 1. Here the 1 3 7 0 cm " 1 band of the IR spectrum of isoCyt disappears in the d3 compound where one notices a new band at 1 2 8 0 cm " 1; the measured isotopic facto r (1 ,0 7 ) corresponds quite well to the calculate isotopic fa c tor ( 1 ,0 6 2 ) . rN H 2: By com paring with 2 -am ino-pyrimidine 17 where this vibration appears at 1 1 0 0 cm " 1 we can assign the 1 1 5 4 cm " 1 band, which increases upon 1162 ( cooling, to the rN H 2 vibration. W ith an isotopic factor identical to that fo r amino pyrimidine we found this vibration at 8 9 4 cm -1 in isoCyt-d3 .
In-plane skeletal m o d es:
In the frequency group approxim ation and fo r each of the two tautomers one expects 5 or 6 in-plane ring vibrations above 1 0 0 0 cm " 1 10, n . W e found 8 intense bands in ab sorption and in diffusion, which did not vary very much in frequency, after deuteration.
C rystallographic data on pyrim idine and isoCyt may ju stify a com parison of their skeletal vibrations above 1 0 0 0 cm -1 fo r the follow ing reasons: Except for the C5 -C6 bond and C4 -C5 bond which differ by 4% and 6 % from these in pyrim idine, the other bonds of the rings have quite com parable lengths. W e can also ju stify the com parison by the be haviour of the 1 6 0 5 deuteration seems to correspond to the appearance of a 5 2 0 cm -1 band which could be assigned to (5C -ND2 ; therefore the rem aining band in this region is assigned to <3C = 0 vibration, in Raman diffusion at 5 5 4 cm -1 . yNH, yCH, W NH2 ,tN H 2 , yC = 0 : The out-of plane bendings of NH groups g e n era lly 24 appear between 9 5 0 and 7 5 0 c m ' 1. Here we look for two yNH frequencies: One at 8 5 0 c m " 1, only visible at low temperature in absorption, the other at 7 8 8 cm -1 disappears in the isoCyt-d3 infrared spectrum which however, shows two new bands at 6 2 0 and 5 7 5 cm -1 which we assign to yND. F o r the wagging of amino group the assignm ent is e a sier: The large 6 3 0 cm -1 band disappears, when one replaces the amino group with an octyl and also on deuteration. M oreover the W N H2 and 6 3 0 cm -1 and W N D2 at 4 6 5 cm -1 bands greatly increase in intensity at liquid nitrogen temperature.
F o r the three other vibrations expected in this region we have no direct evidence. As in diazines 20 one can expect CH around 8 0 0 cm -1 : The strong band at 8 0 5 cm -1 , assigned to an in-plane ring vibration, is not completely polarized; we assume an overlapping between this band and a yCH vibra tion. The NH2 (A^) twisting band is expected in a lower region and could be coupled with an out of plane ring vibration (A " ) at 4 0 0 cm -1 which is shifted 5% by deuteration. A ccording to Sing and S in g 23 the 2 1 5 cm -1 band which is also encountered in uracil, guanine, and cytosine 16 can be assigned to a C = 0 vibration.
Out of plane skeletal m o d es: Three bands of me dium intensity in the solid state, are also visible in solution at 5 5 0 , 4 3 0 , 4 0 0 cm " 1 and are all de polarized. W e assign them to the three out-of-plane ring vibrations expected in this region. Lattice vibrations: ( Table I V ) As for the vibration of the molecule in the solid state neither the splitting due to the cristallinity nor that due to the presence of the two tautom ers is ob served. In absorpion, neglecting the tautom ery, we would expect 1 2 vibrations (6 T + 6 R ) and we ob serve 11 bands between 2 0 0 and 3 3 cm -1 . In Ram an diffusion, we would expect 9 vibrations ( 3 T + 6 R ) and we observe 9 bands between 2 0 0 and 2 0 cm -1 . In isoCyt-d3 we do not find signi ficant changes except a small shift to lower fre quencies.
Conclusion
Crystallographic studies have shown 14, 26 that the hydrogen bonds in the isoCyt crystal are stronger than those in crystalline C yt; this is evident from the frequencies shifts of the NH2 , NH, and C = 0 groups. But even in D 20 solution there are d if ferences between isoCyt and Cyt fo r the frequencies of these groups; we assume that they are due to the different location of substituents. F o r ring vibra tions we found good agreem ent between isoCyt and Cyt in the solid state. W ith these data we have at tempted to assign some of the intense bands of guanine above 1 0 0 0 cm " 1 to ring vibrations of the pyrimidine part of guanine; we hope to support these assignments by a vibrational study of 15N guanine which we are synthesizing. W ith this in form ation we intend to make a precise approach to the gel form ation and polymorphisme of guanosine which imply m odifications in substituent frequen cies but also in ring vibrations 4.
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